Abstract
INTRODUCTION
Attention turned to NGR (Asn-Gly-Arg) peptides when non-RGD (Arg-Gly-Asp) integrin binding motifs were searched via phage display libraries.
1,2 NGR motif was the most frequent one among them that shows integrin binding propensities. NGR sequence containing peptides were also selected as tumor vasculature homing peptides from in vivo phage-display screening assay on human breast carcinoma xenografts bearing nude mice. 3 However, this study also indicated that the cyclic ACDCRGDCFC peptide (RGD-4C containing 1-4 and 2-3 disulfide bridge isomer) did not compete with the CNGRC (NGR-2C) cyclic peptide in tumor-homing properties and vice versa. Later, aminopeptidase-N (APN or CD13) was recognized as the receptor that binds NGR-peptides. 4 CD13, a membrane-bound metallopeptidase, is not (or barely) expressed on endothelium of normal blood vessels but it is up-regulated in angiogenic blood vessels and has multiple functions (e.g. protein degradation, cell proliferation, cell migration, angiogenesis). [4] [5] [6] Furthermore, CD13 is also expressed by various cell types (e.g.
liver, prostate, kidney) in healthy individuals. However, it was indicated by the aid of different anti-CD13 monoclonal antibodies that the immunoreactivity of CD13 containing tumor and normal endothelia cell lines are markedly different. 5, 7 This might originate from different glycosylation pattern and/or receptor isoform conformations. This observation makes CD13 a suitable target molecule for specific targeted delivery of drugs and nanoparticles to tumor neovasculature, using NGR-peptides as a homing motif. 8, 9 It is well known, that Asn deamidation through succinimide ring formation can easily occur, especially if Asn is followed by Gly on its C-terminus.
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(pH 8.5, 37°C) within 2 h a significant deamidation is observed. Interestingly, the latter cyclic hexapeptide have 30 times higher binding affinity to CD13 with respect to c [CNGRC] .
A few of the linear and cyclic NGR-peptides were used for ligand-directed delivery of various drugs and particles to tumor vessels, an attempt to increase their antitumor activity. 7 Cyclic and/or linear peptides containing either the c [CNGRC] or the GNGRG motives were described as appropriate target ligands in delivery of tumor necrosis factor alpha (TNF-α), 5, 21, 22 interferon gamma (IFNγ), [23] [24] [25] liposomal doxorubicin 26, 27 and Pt-complex 28, 29 as well as radio metal isotope labeled derivatives for PET and SPECT. 30, 31 By comparing c [CNGRC] and GNGRG, a cyclic and a linear peptide, not only the higher CD13 binding affinity of cyclic variant was detected but also its increased stability in PBS solution (half-lives were 6-8
h and 3-4 h, respectively at pH 7.3, 37°C) and in serum (5 h and 3 h, respectively) was measured. 13 However, chemo-stability of NGR-peptides under relevant biological conditions is not studied.
Efficient development of disulfide bridge containing cyclic NGR (e.g. c[CNGRC])
peptides on the surfaces of liposomes or other nanoparticles used for drug targeting is not an easy task. Therefore, to date mainly less chemo-stable linear NGR-peptides were used for active targeting of anticancer drugs encapsulated by nanoparticles. 32 Negussie et al.
successfully developed a head-to-side chain cyclic NGR-peptide. 33 In the c[KNGRE]-NH 2 peptide the α-amino group of the N-terminus and the side chain carboxyl group of Glu were attached by using on resin cyclization. The resulted ring size of the 17-atom-containing macrocycle is identical to that of c[CNGRC] with disulfide bond. Their goal was to investigate an NGR homing motif with increased stability for delivery of free or liposome encapsulated drugs. In this way, the formation of disulfide bonds between the adjacent peptides on the liposome surface rendering the ligand ineffective could be avoided. 34 The free ε-amino group of Lys was used for the attachment of Oregon Green fluorescent label or the liposome that did not influence the binding to CD13. The c[KNGRE]-NH 2 ligand displayed 3.6-fold higher affinity for CD13 positive cancer cells than the linear KNGRG did. However, the deamidation of these analogs were not studied in this experiment.
Since the intact cyclic NGR-peptides could bind to CD13, deamidation resulting in isoaspartyl (isoAsp) metabolite might restrict the application of the cyclic NGR-peptides as successful tumor-homing moieties. Nevertheless, the formed isoAsp derivatives could be responsible for integrin binding, which integrins are also over-expressed in several types of tumors. 35 Therefore, appropriate cyclic NGR-peptide conjugates might be dual acting derivatives through both CD13 and integrin receptors. 36 In our previous study, it was indicated that the enzymatic stability of cyclic epitope peptide could be increased when thioether linkage was used instead of amide-or disulfide bond. 37 Furthermore chloroacetylated peptides with orthogonal protecting groups on two cysteines are suitable for cyclization and conjugation to a carrier via thioether bond formation in both cases. 38 In accordance with the observations described above, in this study our aim was a) to develop novel thioether linked cyclic NGR-peptides of different ring size (15) (16) (17) (18) (6) ) was designed to contain 16 atoms within the macrocycle, closing the NGR subunit within a ring. The reaction of the protected parent NGRC peptide on the solid support with β-halopropionic acid (chloroor bromo-) did not give complete blocking of the N-terminal NH 2 -group. Since cyclization of the chloroacylated derivative was slow, meanwhile a significant ratio of the product converted into isoAsp-containing derivative. The latter side reaction was less pronounced for the bromoacylated derivative, as cyclization was completed within less than 3 h and thus, compound was not exposed to alkaline condition for such a long time. v) Finally, as Nterminal chloroacetylation of the parent linear peptide was straightforward than the attachment of β-halopropionyl group, the thioether bond formation was achieved as follows.
RESULTS

Synthesis of the cyclic NGR-peptides
A homoCys was incorporated to the C-terminus of the NGR parent peptide and its N-terminus was chloroacetylated and cyclization was completed in 3 h (0.1 M Tris buffer, pH 8.1). The c[CH 2 CO-NGRhC]-NH 2 (7) containing 16-atom-cycle was synthesized with a much better yield (37.9 %) than by using the previous strategy via the bromopropionylated precursor for preparation of compound 6 (17.1 %). (Note that the application of γ-bromobutiric acid for the formation of the 17-membered ring closed by a thioether bond was unsuccessful.) The characteristics of the cyclic peptides are summarized in Table 1 and the HPLC chromatograms and mass spectra of the purified cyclic peptides are presented in the Supporting Information ( Figure S1 ). 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Chemo-stability of cyclic NGR-peptides
Stability of the cyclic NGR-peptides was conducted under three different conditions, namely i) their liophylized form was stored at 4°C, ii) dissolved in pure water and in different buffers at 25°C (room temperature) and iii) kept in a cell culture medium at 37°C. The stability of the compounds was followed by analytical RP-HPLC and the decomposition was calculated from AUC (area under the curve). None of these cyclic NGR-peptides, 1-7, decomposed under storage for about 6 months. In addition they were found to be stable in distilled or slightly acidic water (eluent A used for HPLC) at RT for about 48 h. Prior to summarize the further stability studies, it has to be mentioned that in case of the Pro-containing derivative (5) containing derivative was determined by the aid of synthetic reference peptide as in all cases that were prepared similarly as the cyclic NGR-peptides. The exact amount of isoAsp derivative formed from compound 5 could not be analyzed properly (especially not in cell culture medium) because it appears as a broad shoulder of 5, that cannot be baseline separated. The stability of the cyclic peptides was also studied in three different buffers. (Data are summarized in Table 2 and chromatograms are presented in Supporting Information ( Figure S2-S8) ). 4 OAc buffer at pH 5 compounds 1, and 2 did not change at all while a small amount of decomposed products (1-4 %) were observed for 4, 5, 6 and 7 after 48 h. In contrast to the above compound 3 (HPLC chromatogram of pure compound is presented in Figure 1A ), the tightest macrocycle composed of 15 atoms within the ring, decomposed even under acidic condition detected by HPLC. After 24 h the Asn:isoAsp:Asp ratio was about 85:12:3 and the ratio of deamidated compounds increased with time (Table 2, Figure 1B) . Figure 1C ).
iii) In 0.1 M Tris buffer at pH 8.1 decomposition was more pronounced in general. While 1 is still stable, 2 is somewhat less stable than at conditions written before (vide supra) (the parent cyclic NGR peptide was ~85% after 24 h and ~71% after 48 h). A similar deamidation rate was detected for 6 (~73% unmodified 6 after 48 h) and a definitely higher one for 7 (~57% deamidated cyclic peptides after 48 h) only a little bit higher to what was observed in PBS.
Deamidation of compound 4 in Tris is higher than it is in PBS buffer: ~85% deamidated cyclic peptides after 48 h, which was close to the decomposition of compound 3 (~ 87%) under this circumstances ( Figure 1D ). iv) In a cell culture medium (pH 7. 
A B and 5 show typical C-type spectra in TFE. In water, the ECD spectrum of 2 is as found in TFE suggesting its higher rigidity, while for 5 the solvent induced structural changes are a bit more significant: a very broad negative band has appeared in the 205-225 nm region.
The ECD spectra of compounds 6 and 7 in the structure-promoting solvent TFE show C-type features, marked by a positive (~185 nm) and a negative band (~200 nm) associated with a negative nπ* shoulder between 220-225 nm. In water the spectrum of both peptides show two negative broad bands centered at ~196 nm and 209 nm (6) Table S1 .)
The minor conformer of 1, 1 minor , distinguished during structure calculations is similar to (Table S1) (Table 3) . 42 The less optimal (Table 3) centered by Asn forms a strong backbone H-bond between the NH group of Gly and the carbonyl oxygen of cysteine in position 1 (1.86 Å), reducing the chance of Asn isomerization. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In conclusion, based on its structural properties revealed by CD and NMR 2 could be highly resistant against succinimide ring formation and thus, against decomposition. Indeed, 2 is a very chemo-stable peptide (Table 2 and Figure 4 ): even after 48 h in Tris buffer the ratio of deamidation is lower than 30%. The -Asn-Gly-moiety of 6 forms two γ-turn structures: -γ L -γ D - (Table 3) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Compound 7 (c[CH 2 CO-NGRhC]-NH 2 ) has identical ring size as 6 (16 atoms) with -S-at a shifted position. Although the -Gly-Arg-subunit adopts two distorted γ-turns, -γ D -γ L - (Table   3) i) both forms of 1 (minor and major) incorporates a type-I' β-turn (-α D -γ D -) at its -AsnGly-subunit (Table 3) , having Gly in it as a γ-turn. 
Cyclic NGR-peptides effect on cell adhesion
Formation of isoAsp derivatives from -Asn-Gly-containing fragments is expected to be frequent both in vitro and in vivo systems. According to the literature data, many of the studied cyclic isoDGR peptide (e.g. c[CisoDGRC]GVRY (isoDGR-2C)) show high affinity to α v β 3 RGD binding integrin receptor in nanomolar concentration. 43 However, the receptor recognition of isoDGR peptides highly depends on their structure. 13, 44 Our objective was to evaluate the 3D structure, the chemo-stability as well as the in vitro interaction of these peptide models. For such study, cell adhesion was monitored as one of the most
characteristics integrin dependent property of metastatic tumorigenesis. The potential effect on cell adhesion was measured on A2058 melanoma cell line in impedance-based functional assay for the cyclic NGR-peptide coated surfaces. A2058 cells were selected for this study because it was indicated previously that the chemotaxis, haptotaxis, motility and migration of A2058 cells are mediated mainly by the highly expressed α v β 3 receptor on it. 45 Rearrangement of the studied cyclic NGR-peptides to isoAsp derivatives takes time, points (Figure 7) . However, the volume of its positive character was less than that of compound 3. The other cyclic NGR-peptides containing thioether linkage (compound 4, 5 and 7) proved to be neutral during the whole period of measurement in the entire concentration range (data not shown).
DISCUSSION
The application of the parent NGR-peptides or their drug conjugates might have importance in tumor therapy. However, the easy deamidation of the NGR-peptides, resulting in both isoAsp-and Asp-derivatives, indicates the difficulties in their synthesis and biological experiments. Therefore, their stability studies under appropriate circumstances are necessary.
We demonstrated previously that cyclic peptides with thioether linkage in the ring are more stable under both chemical and biological conditions than those containing either amide-or disulfide-bonds. 37 Therefore, five new cyclic NGR-peptides, all ringed with a thioether bond were prepared to select appropriate constructs for tumor drug targeting studies. Cyclic peptides of different ring sizes (15 < n < 18 atoms) were designed based on previous studies. 13, 19, 20 The smallest ring size (n=15) is that of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 yield were studied for 2 and found that alkaline conditions for disulfide bond formation should be avoided.
As deamidation of NGR-peptides via succinimide ring closure, followed by hydrolysis to make both Asp and isoAsp derivatives is well known, the chemo-stability of selected cyclic NGR-peptides is studied here. Conditions were selected based on the applied synthetic routes for cyclization, for drug conjugation, or in in vitro biological experiments. Chemo-stability of these cyclic-peptides with thioether linkage was compared to the two reference compounds.
As found in the literature, the elevation of the pH and/or temperature, as well as the use of buffers increases decomposition of any cyclic NGR-peptides. However, significant differences were found in succinimide ring formation rate for the present compounds, namely We supposed that differences in chemo-stability have a structural and internal mobility "background". Verification of the latter concept was done both by ECD and NMR measurements. While ECD gives information on the overall folds of these NGR-peptides, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The tumor selectivity and consequently the drug delivery ability of cyclic NGR peptides arise from two factors: as found in the literature, (i) NGR-peptides bind to CD13 receptor overexpressing on angiogenic endothelium, while (ii) the deamidated isoDGR derivativessimilarly to RGD peptides -bind to the RGD-specific integrin receptors (Figure 8 ). The binding efficacy to receptors cannot be characterized properly in the absence of radio-or fluorescent-labeled derivatives. Furthermore, there are only few cell types (HUVEC and HT-1080 fibrosarcoma) that are available for determining CD13 binding of peptides. 
MATERIALS AND METHODS
All amino acid derivatives and Rink-Amide MBHA resin were purchased from Iris Biotech (Table 1 . and Supporting Information).
Synthesis of Ac-c[CNGRC]-NH 2 cyclic peptide (2) with disulfide bridge (air oxidation)
The linear precursor peptide was synthesized on Rink-Amide MBHA resin (0. In this case Fmoc-Cys(Acm)-OH was applied for the synthesis of linear precursor peptide.
For the disulfide bridge formation the Ac-Cys(Acm)-Asn-Gly-Arg-Cys(Acm)-NH 2 was dissolved in TFA containing 2% anisole at 0.2 mg/mL peptide concentration, then 1.2 equiv Tl(tfa) 3 was added to the solution. The oxidation reaction was continued for 1 h followed by precipitation of the product with dry ether. The crude product was purified by RP-HPLC. The purified cyclic peptide was characterized by analytical HPLC and mass spectrometry (Table 1 and Supporting Information).
Synthesis of c[CH 2 CO-XNGRC]-NH 2 cyclic peptide (X: Ø (3); Lys (4); Pro (5)) with thioether linkage
The linear precursor peptides were prepared similarly to the previous compounds on RinkAmide MBHA resin (0.5 g). The N-terminus of the peptides was chloroacetylated using 5 equiv of chloroacetic acid pentachlorophenyl ester (ClAc-OPcp) that was prepared in our laboratory. 38 The cleaved chloroacetylated peptides were purified by RP-HPLC prior to the cyclization. The thioether bond was formed in 0.1 M Tris buffer (pH 8.1) as follows: the liophylized linear peptides were added to the buffer solution in portions in 2 h. The final peptide concentration was 10 mg/mL in all cases. The reaction mixtures were allowed to stand for further 1 h then they were acidified with TFA. The reaction mixture was injected to RP- 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 HPLC directly. The purified cyclic peptide was characterized by analytical HPLC and mass spectrometry (Table 1 and Supporting Information).
Synthesis of c[CH 2 CH 2 CO-NGRC]-NH 2 cyclic peptide (6) with thioether linkage
In this case 10 equiv β-chloro-or β-bromopropionic acid in the presence of equiv DIC and HOBt coupling agents were used for the acylation of the N-terminus of the precursor linear peptide on Rink Amide-MBHA resin (0.5-0.5 g). After cleavage of haloacylated linear peptide from the resin, the crude products were purified by RP-HPLC. The yield of the purified compounds was 20.9 % in case of chloropropionylated and 27.5 % in case of bromopropionylated peptide. The cyclization was carried out in 0.1 M Tris buffer (pH 8.1).
The reaction was followed by analytical HPLC. The thioether bond formation was ready within 4 h in case of BrCH 2 CH 2 CO-NGRC-NH 2 ; however, the reaction was still not complete after 48 h in case of ClCH 2 CH 2 CO-NGRC-NH 2 . The yield of the purified cyclic peptides was 33.5 % and 62.3 %, respectively, for the chloro-and bromopropionylated linear peptides as precursors (Table 1 and Supporting Information).
Synthesis of c[CH 2 CO-NGRhC]-NH 2 cyclic peptide (7) with thioether linkage
The synthesis of the homocysteine containing derivative was performed identically to the c[CH 2 CO-NGRC]-NH 2 (3) cyclic peptide, but Fmoc-hCys(Trt)-OH was used instead of the cysteine derivative. Characterization of the cyclic peptide is presented in Table 1 and Supporting Information.
Stability studies of the cyclic NGR-peptides
The study of the storage stability of the liophylized compounds was continued at 4°C for 6 months. The solution stability of the compounds was studied in d. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peptide concentration and RT for 48 h. The stability studies of the compounds were also investigated in DMEM GlutaMAX-I (Sigma Ltd., St. Louis, MO, USA) cell culture medium containing 10% FCS (fetal calf serum, Sigma Ltd.) and gentamicine (160 µg/mL) at the same peptide concentration and 37°C for 48 h. The decomposition of the cyclic NGR-peptide derivatives was followed by analytical HPLC.
Structural studies by electronic circular dichroism (ECD) spectroscopy
ECD spectra (185< λ < 300 nm) in water and TFE were recorded on a Jasco J-810 spectropolarimeter at T= 298 K using a 0.02 cm quartz cell. Peptide concentration was set to 0.5-1 mg/mL (~1-2 mM), each spectra are the average of five subsequent scans. The row 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the standard simulated annealing protocols with the CNS software package. 48, 49 For each molecule an ensemble of 100 structures were calculated and examined. For chemical shift referencing DSS (2,2-dimethyl-2-sila-pentane-5-sulfonic acid) was used.
Cell and culturing
The effects of the cyclic NGR-peptides on cell adhesion were evaluated in A2058 human melanoma cell line derived from a brain metastasis. 
Cell adhesion assay
The adhesion modulator effect of cyclic NGR-peptides on A2058 melanoma cell line was measured by xCELLigence SP System (Roche Applied Science, Indianapolis, IN, USA).
This system is a dedicated one to detect the kinetics and strength of cell attachment by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 where Z i is the impedance at an individual point of time during the experiment, Z 0 is the impedance at the start of the experiment, and F i is a constant depending on the frequency (F 10kHz =15).
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